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Abstract 
The acetylation of polyamines was investigated in rat kidney as a function of age. The activity of cytosolic spermidine/spermine 
NLacetyltransferase, the rate-limiting enzyme in polyamine interconversion, i creased from 3 to 36 months of age. The activity of 
cytosolic spermidine N8-acetyltransferase, n enzyme probably related to polyamine xcretion, also increased. The activity of polyamine 
oxidase, which catalyzes the oxidative cleavage of polyamine N ~-acetyl derivatives into putrescine, decreased until 24 months, when an 
accumulation f NLacetylspermidine occurred. Subsequently, at 36 months, polyamine oxidase activity returned toward high values, in 
concomitance with the disappearance of N~-acetylspermidine, an increase in spermidine and putrescine, and a decline in spermine was 
observed. Our results show that in rat kidney during aging there is an activation of the acetylation and interconversion f higher 
polyamines into putrescine, which is considered an alternative pathway of spermidine and putrescine formation. 
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1. Introduction 
The polyamines (putrescine, spermidine, spermine) are 
naturally occurring aliphatic amines which are essential in 
cell physiology. Biosynthetic decarboxylases (ornithine- 
and S-adenosylmethionine-decarboxylase) and d gradative 
enzymes (spermidine/spermine NCacetyltransferase, N I-
SAT, and diamine oxidase) together with transport egulate 
intracellular polyamine concentrations according to physio- 
logical requirements [1-5]. Cytosolic N1-SAT (EC 
2.3.1.57), the rate-limiting enzyme of the interconversion 
pathway, catalyzes the formation of Nl-acetylspermidine 
and NLacetylspermine, which are then oxidized by 
polyamine oxidase (EC 1.5.3.3, PAt )  and converted into 
putrescine and spermidine, respectively [6,7]. Since PAt  
activity has been found to change under various conditions 
of cell proliferation [8], it has been suggested to contribute 
to the regulation of intracellular polyamine concentrations, 
even though its activity in rat tissues is higher than that of 
NLSAT. 
In contrast to the substantial data on polyamine 
metabolism in growing tissues, little is known about the 
function of these polycations in aging. An age-related 
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decline of the spermidine content has been demonstrated in 
several tissues of elderly rats, whereas the spermine con- 
tent remained nearly unchanged. Consequently, there was 
a decrease in the spermidine/spermine ratio [9-11]. A 
marked decrease in cerebral spermine levels has recently 
been reported in aging rats [12]. 
Since it is unknown how aging affects the interconver- 
sion pathway of polyamines, the behavior of N ~-SAT and 
PAt  activities, the key enzymes of this metabolic process, 
were studied in kidney of young, adult and senescent rats 
in parallel with the levels of polyamines and their acetyl 
derivatives. 
2. Materials and methods 
2.1. Chemicals 
[acetyl-l-14C]Acetylcoenzyme A (58 mCi/mmol) was 
purchased from Amersham International (Amersham, 
Buckinghamshire, UK). Putrescine, spermidine, spermine 
and their acetyl derivatives (as hydrochloride salts), his- 
tones (calf thymus, Type AS-II), methylglyoxal 
bis(guanylhydrazone) (MGBG) and peroxidase were from 
Sigma (St. Louis, MO, USA). All other chemicals were 
analytical-grade products. Solvents for HPLC were ob- 
tained from Merck (Darmstadt, Germany). 
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Fig. 1. Time-course of the activity of spermidine/spermine N-acetyltransferase nd polyamine oxidase in kidney at various ages. The values are expressed 
as mean 4- S.E. of 8 animals for each group. N-SAT (0) ;  PAO (B)  * P < 0.05 vs. 3 months; * '~ P < 0.01 vs. 3 months. 
2.2. Animals 
Male Wistar rats (Morini, Italy) at various age, ranging 
from 3 to 36 months, were used. They were housed under 
a 12-h-light/12-h-dark controlled lighting schedule with 
free access to water and a standard rat chow. The animals 
were killed by decapitation and the kidneys were excised 
as rapidly as possible, frozen on solid CO 2 and stored at 
-80°C until assayed. 
2.3. Enzyme activity determinations 
Kidneys were homogenized in 10 vol of medium, and 
the cytosolic extract resulting from 1 h centrifugation at 
100000 × g was used as a source of enzyme. N-SAT 
activity was measured as reported by Matsui and Pegg 
[13]. In some experiments, MGBG was added to the 
incubation medium at 0.1 and 1.0 mM final concentrations. 
The substrate specificity of the enzyme and identification 
of acetylated products of spermidine formed in the enzyme 
reaction were carried out as previously reported [14]. 
PAO activity was assayed by the method of Suzuki et 
al. [15], which measures the H202 formed during the 
oxidation of Nt-acetylspermine as substrate, by conver- 
sion of homovaniUic acid to a highly fuorescent com- 
pound in the presence of peroxidase. 
Protein content was determined by the method of Geiger 
and Bessman [16], using crystalline bovine serum albumin 
as standard. 
2.4. Polyamine determination 
Samples were homogenized in 0.2 N perchloric acid. 
Polyamines, separated by HPLC, were quantified fluoro- 
metrically after post-column derivatization with o- 
pthaldialdehyde according to LiSser et al. [17]. 
2.5. Statistical analysis 
The significance of differences was evaluated by analy- 
sis of variance (ANOVA). Differences with P < 0.05 were 
considered as significant. 
3. Results 
The time-course of renal N-SAT and PAO activities as 
a function of age is reported in Fig. 1. N-SAT activity 
increased during aging, with the highest values at 36 
months. At this time the enzyme activity was 3-fold that of 
3-month-old rats. PAO activity decreased by nearly 40% at 
12 and 24 months, and by 20% at 36 months as compared 
to 3 months. 
Since the method used for N-SAT activity measurement 
does not discriminate between the various enzymes acety- 
lating spermidine in the N ~- or N 8- position, we studied 
the reaction products and the substrate specificity. The 
analysis of the two isomers howed that the renal cytosolic 
extracts formed nearly equal amounts of N ~- and N 8- 
acetylspermidine independent of age. The ability of renal 
Table 1 
Substrate specificity of polyamine N-acetyltransferase activity of rat 
kidney at different ages 
Substrate Polyamine N-acetyltransferase activity 
(pmol/min per mg prot) 
3 months 24 months 36 months 
Spermidine 6.5 ~ (100) b 7.5 (100) 16.9 (100) 
Putrescine 0.9 (14) 0.7 (9) 1.8 (11) 
Histones 7.8 (120) 8.8 (I 17) 15.8 (93) 
Cytosolic extracts of kidney were incubated in the presence of 3 mM 
polyamine or histones (0.5 mg/ml). 
Mean of three experiments. 
b Percent activity with respect to spermidine. 
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Table 2 
Polyamine l vels in kidney of rats at various ages 
17 
Age (months) Putrescine Polyamines (nmol/g wet wt.) 
N i -AcetylSpd NS-AcetylSpd Sperm±dine Spermine 
3 10 + 1.5 ~ < 1.0 < 1.0 246 + 14 
6 9+0.6 < 1.0 < 1.0 188+ 13 * 
12 12+0.9 <1.0 < 1.0 219+3 
18 13 +_ 1.0 < 1.0 < 1.0 185 4- 12 * ~ 
24 11 ± 1.0 41 ± 8 1.11 180_+ 8 * * 
36 21 ± 1.7 " * < 1.0 1.44 360± 23 ~ * 
821 + 24 
775 + 70 
769 + 43 
699 + 47 * 
683 + 27 * * 
520 + 31 * * 
a Mean + S.E. of 8 animals for each group. 
* P < 0.05 vs. 3 months; ** P < 0.01 vs. 3 months. 
extracts to catalyze the acetylation of various substrates i
shown in Table 1. At various ages, sperm±dine and his- 
tones were acetylated nearly at the same rate, whereas 
putrescine was acetylated at a lower rate. 
The changes in enzyme activities lead us to investigate 
in parallel the levels of renal polyamines and their acetyl 
derivatives. The results are shown in Table 2. Putrescine 
levels did not change until 24 months and were doubled at 
36 months. In contrast, sperm±dine l vels decreased until 
24 months and thereafter increased by about 45% at 36 
months compared to the values at 3 months. Spermine 
levels progressively declined, with a 37% decrease at 36 
months. Interestingly, at 24 months there was a large 
accumulation of Nl-acetylspermidine, which was not de- 
tectable at other times. At 24 and 36 months, N8-acetyls - 
permidine also appeared. 
4. Discussion 
It is well known that proliferating cells (embryonic, 
malignant and cultured cells) have elevated levels of or- 
nithine decarboxylase activity and putrescine content [1-3], 
whereas polyamine contents are decreased in tissues of 
aged rats [9-12]. This decrease is associated with a reduc- 
tion in DNA synthesis, which is characteristic of aged cells 
[18]. Although it has a very low mitotic rate [19], the 
kidney shows ornithine decarboxylase activity and 
polyamine levels higher than other mammalian organs 
[20]. Polyamines, because of their contribution to nucleic 
acid and protein synthesis, could have a function in the 
constant protein renewal and repair of membranes and 
organelles of nephron cells [19]. Taking into account he 
role of polyamines in the maintenance of cell integrity and 
function, changes in their levels could be responsible for 
the age-dependent damage of renal structures and function, 
resulting in a gradual decline of the kidney mass, glomeru- 
lar sclerosis, atrophy of afferent and efferent arterioles, and 
interstitial fibrosis [21-23]. 
To our knowledge, the results reported in this work on 
polyamine acetylation during aging show for the first time 
an increase in N-SAT activity in the rat kidney. Since the 
cytosolic fraction of rat tissue homogenates contains sper- 
m±dine acetylating proteins [1,6], which selectively acety- 
late the terminal N ~ or N 8 of the sperm±dine, we identi- 
fied the acetylation reaction products. The kidney extracts 
acetylated sperm±dine at about the same rate in the N 1- 
and in the N8-position at various ages. This result was 
confirmed by experiments on the substrate specificity of 
the kidney extracts. The degree of acetylation was similar 
for sperm±dine (the preferred substrate for cytosolic N 1- 
SAT [1,6]) and for histones (the preferred substrate for 
nuclear Ns-SAT [6,24,25]). Putrescine (another substrate 
of nuclear enzyme) was acetylated at a lower rate, suggest- 
ing that the N 8 enzyme activity was not of nuclear origin. 
More convincingly, MGBG, which is known to inhibit 
only the N 8 nuclear enzyme [24], did not affect the 
enzyme activity of our extracts (data not shown). Gross 
nuclear damages during extract preparations could be ruled 
out since no DNA was detectable in the cytosol fraction 
(data not shown). The observed increase in sperm±dine 
acetylation was thus due to both the cytosolic N 1 and N 8 
acetylating enzymes. 
The occurrence of cytosolic N 8 acetylase activity has 
previously been reported for other tissues and cells [14,24]. 
The function of this enzyme remains to be clarified, al- 
though it has been suggested that the formation of N 8- 
acetylspermidine is a prerequisite for excretion [24]. The 
presence of NS-acetylspermidine in urines has been 
demonstrated [26,27]. 
The activity of NLSAT increased progressively with 
age, and at 24 months, when PAt  activity decreased, lead 
to the observed accumulation of NLacetylspermidine, a 
physiological substrate of PAt .  In 36-months-surviving 
rats, PAt  activity returned towards the values observed in 
3-month-old rats and presumably caused the disappearance 
of NLacetylspermidine. These changes were associated 
with a decline in spermine content and an increase in 
sperm±dine and putrescine contents, indicating that 
polyamine reconversion into putrescine occurred. The in- 
terconversion pathway is considered to maintain optimal 
polyamine levels at a time when de novo polyamine 
biosynthesis rates decrease, as is the case during aging 
[11]. 
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In conclusion, taking into account that exogenous 
polyamines are toxic for rodents [28], and spermine is 
particularly nephrotoxic [29], the acetylation in the N ~- 
and N8-terminus may represent a cellular reaction to 
counteract their toxic effects. In the kidney of animals at 
an advanced age and apparently in good health, the activa- 
tion of the acetylation/oxidation sequence may contribute 
to this protection by preventing the accumulation of the 
higher polyamines in the cell. 
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